Broad host-range plasmid RSF1010 contains in the oriV region two DNA initiation signals, ss/A(RSF1010) and ss/B(RSF1010), which are essential for plasmid replication. Each of ssiA and ssIB could be substituted functionally by either of the two G4-type (DnaGdependent) priming signals, the ori c of bacteriophage G4 and an ssi signal from plasmid pSY343 (an R1 plasmid derivative). Functions of the chimeric oriVs of RSF1010 thus constructed were dependent on the RSF1010-speciflc replication proteins, RepA, RepB' and RepC. When both of ssiA and ssIB were replaced by the G4-type ssi signals, functions of the chimeric oriVs were no longer dependent on RepB' (RSF1010-speclfic DNA primase). The replication activities of the chimeric oriVs of RSF1010 were not influenced markedly by the type of heterologous priming signals they contained. It is conceivable that DNA replication of RSF1010 does not need the priming mechanism for lagging strand synthesis and proceeds by the strand displacement mechanism.
INTRODUCTION
Nucleotide sequences, present on each strand of the template DNA, that direct introduction of the priming enzymes and initiation of DNA synthesis have been isolated from many bacteria] plasmids and are called single strand DNA initiation (ssi) signals. The priming mechanisms at the ssi signals of the plasmids include the primosome-dependent type ($X-type) (1, 2, 3) , the DnaG-dependent type (G4-type) (4), the ABCprimosome-dependent type (5) and the plasmid-specific type such as that of the broad host-range plasmid RSF1010 (6, 7, 8) .
Another broad host-range plasmid RK2 also possesses at least two specific ssi signals in the oriT region (9) . Although some of these ssi signals are dispensable for the plasmid replication in vivo, they are essential to maintain wild-type plasmid copy numbers (4, 10) . Furthermore, in vitro studies have shown that in plasmids, such as pBR322 and Rl, ssi signals are actually essential to initiate DNA replication (4, 11, 12) . Judging by the mode of function and the genomic location of ssi signals in various plasmids, it is conceivable that some ssi signals should contribute to the specificity of plasmid-directed initiation events and to establishment of the replication forks (5, 13, 14) .
RSF1010 is an IncQ plasmid, the DNA of which is 8684 base pairs (bp) in length. It has a remarkable ability for DNA replication in a wide variety of Gram-negative bacteria (8, 15) . In E. coli, the replication of RSF1010 does not require the function of the genes dnaA, B, C, G, T, and rpoB (7, 16, 17, 18) . Instead, three plasmid-specified proteins, RepA, RepB', and RepC, exhibit RSFlOlO-specific helicase, primase, and initiator protein activities, respectively, and are essential to the replication of this plasmid (7, 19) . E. coli DNA gyrase, SSB (single strand DNA binding protein) and the product of dnaZ (y subunit of DNA polymarase III holoenzyme) are also required for the plasmid replication (19, 20) . In the oriV region, three distinct cw-acting elements are essential to the plasmid replication (13) . These include the inc repeats and the two essential DNA priming signals, ssiA and ssiB, which are located on the / and r strands, respectively (21) . The inc repeats, 20-nucleotide tracts repeated three and a half times, are the binding sites for the RepC initiator protein. The two ssi signals consist of highly conserved 40-nucleotide sequences and exclusively recognized by the RepB' primase (8, 21) . When cloned in single strand phage vectors, these nucleotide sequences can direct priming of the complementary DNA strand synthesis in the presence of RepB' protein in vivo (6) and in vitro (7) . Moreover, the primosome assembly sites from bacteriophage 0X174 or plasmid pACYC184 are able to substitute functionally for both of ssiA and ssiB in the replication of RSF1010 (13) . Function of the chimeric OHTRSPIOIO containing two primosome assembly sites in place of ssiA and ssiB is no longer dependent on RepB' but still dependent on RepA and RepC. It has been postulated that RepB' primase actually directs the RSFlOlO-specific priming reaction after completion of the prepriming process that is dependent on RepA and RepC.
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In this report we show that both ssiA and ssiB of RSF1010 may be substituted in vivo by two distinct G4-type ssi signals; one is the origin for complementary strand synthesis (ori c ) of bacteriophage G4 and the other is the ssi signal from plasmid pSY343 (a run-away plasmid derived from Rl (22) ) which corresponds to the ssi signal directing the leading strand synthesis in Rl plasmid replication. These G4-type ssi signals require only E. coli DnaG primase without introducing the primosome and direct only the initiation of leading strand synthesis (4, 23, 24) . The replication mechanism of RSF1010 DNA replication will also be discussed.
MATERIALS AND METHODS
Bacterial strains and plasmids E. coli JM109 was used as a host bacterium. Plasmid pYHlOl VS (13), the mini-RSFlOlO plasmid, contains the coding region of /3-lactamase from pBR322 and a 444-bp oriV segment from RSF1010 [nucleotides 2335-2778] (8). pYHlOIVS was inserted into the multicloning sites of pHSG399, a chroramphenicolresistance derivative of pUC19, to produce pHSG399/YH101VS (13) . This recombinant plasmid was used to construct chimeric on^R SFioio with heterologous ssi signals. The G4-type ssi signal of plasmid pSY343, ssM(pSY343), was previously cloned as a 17O-bp fragment into the Smal site of multicloning sites in M13AZacl84 that was an ori c defective derivative of M13 phage containing lacT of M13mpl8 (25) . The ori c segment of bacteriophage G4 [nucleotides 3798-4070] (26) was also inserted into the Smal site of M13Afocl84. The DNA fragments containing these G4-type ssi signals were excised from RF DNA of relevant recombinant M13A/acl84 phages upon cleavage with Sad, Xbal or HincU. Then they were inserted into the oriVnsFtoio region of pHSG399/YH101VS, from which ssiA or ssiB had been removed by cleavage with Sad plus Xbal or Sad plus EcoRV, respectively. Miniplasmid DNA segments containing the chimeric OHFRSFIOIO were cut out from the vector plasmid by EcoKl cleavage, and self-circularized by T4 DNA ligase followed by transformation into E. coli cells. Generation of ampicillin (Amp) resistant transformants was a primary criterion for the functionl criK^^on). Helper plasmids pMMB2 (ColD-based recombinant plasmid carrying repA, repB' and repC of RSF1010) and its deletion derivatives pMMB2A5, pMMB2A23, pMMB2AAE and pMMB2ASS have been described (6, 19) .
DNA manipulation
Restriction endonucleases and DNA-modifying enzymes were from Takara Shuzo (Kyoto) and New England Biolabs, Inc. Transformation of plasmid DNA into E. coli cells were performed by the method of Chung etal (27) . Concentrations of antibiotics in selective media were: Amp, 50 /tg/ml and kanamycin 100 /xg/ml.
RESULTS

Replication activities of chimeric origins with G4-type ssi signals
Replication activities of the miniplasmid pYHlOIVS and its derivatives with heterologous ssi signals were examined by transformation into JM109 harboring pMMB2 as a helper plasmid (Fig. 1) . This plasmid supplies the RepA, RepB' and RepC proteins, essential for the DNA replication starting from on^R SFioio-Miniplasmid derivatives pYHG4A, pYHG4B, pYH343A and pYH343B, which contained a G4-type signal from bacteriophage G4 or plasmid pSY343 instead of ssiA or ssiB, had abilities to replicate in this biochemical background. Moreover, miniplasmid derivatives pYHG4A174B, pYH174AG4B and pYH174A343B, in which one of the ssiA and ssiB sequences was replaced by a G4-type ssi signal and the other by the primosome assembly site from bacteriophage <£X174, also could replicate. In addition, miniplasmid derivatives pYHG4A343B and pYH343AG4B, in which both of ssiA and ssiB were replaced by the G4-type ssi signals, could replicate as well. These findings indicate that not only the primosome assembly site but also G4-type ssi signals can substitute for the function of both ssiA and ssiB signals in the onfRSFioioHowever, the miniplasmid derivatives containing a G4-type ssi signal on one complementary DNA strand but no ssi signal on the other (pYH343ADB and pYHDAG4B) gave no ampicillinresistant transformants. Relative copy numbers were estimated by single-cell Amp" levels. The ssi signals contained in the miniplasmid derivatives are indicated as follows: +, original RSFlOlO-specific ssi signal; G4, the G4-typexri signal of bacteriophage G4; pSY, the G4-type ssi signal from pSY343 (an Rl plasmid derivative); <t>X, the primosome assembly site from </>X174. Amp LDJO was determined by the method of Nordsttdm el al. (28) . Results are shown as mean values of two determinations with independent clones. transformed into JM109 harboring the deletion derivatives of pMMB2 (Table 1) . When pMMB2ASS containing no rep region of RSF1010 was supplied as a coresident helper plasmid, none of the miniplasmid derivatives could replicate (data not shown). Nor could they replicate in the presence of pMMB2A5 (repC + , repB'~, repA~) or pMMB2AAE (repB' + , repC~, repA~). However, the miniplasmid derivatives, in which both ssiA and ssiB were replaced by heterologous signals, could replicate in the absence of RepB' primase when Rep A and RepC were supplied (pMMB2A67 as a coresident helper plasmid). On the other hand, miniplasmid derivatives pYHG4A, pYHG4B, pYH343A, pYH343B, in which only one of the ssi signals was replaced by a G4-type signal, could not replicate in the presence of this helper plasmid. These results are in good agreement with the previous report showing that the RepB' protein was not required for the replication of pYH174A184B in which both ssiA and ssiB are replaced by the primosome assembly sites, but required for the function of those chimeric origins in which only one ssi signal was substituted (13) . These findings supported the hypothesis that, in the initiation stage of RSF1010 DNA replication, RepB'-dependent priming reaction is separated from die prepriming process dependent on both of RepC and RepA proteins which act as an initiator and a DNA helicase, respectively (13, 20) .
Requirements of RSFlOlO-specified
Copy number estimation of the miniplasmid derivatives
Relative copy numbers of the miniplasmid derivatives with various ssi substitutions were determined by the single cell Amp resistance method (28) in JM109 harboring pMMB2 (Table 2) . Relative copy numbers of miniplasmid derivatives pYHG4A, pYHG4B, pYH343A, pYHG4A174B and pYH343AG4B were approximately 80 per cent of that of pYH 101 VS. The function of one or both of the ssi signals in oriV$s Pmo can be substituted by the G4-type ssi signals without serious decrease in the replication activities of the chimeric origins. However, relative copy numbers of the other miniplasmid derivatives appeared to be about half of those of the miniplasmids described above. The relative copy number of the miniplasmid derivative pYH174A, which contained the primosome assembly site from 0X174 in place of ssiA, also appeared to be about half of that of pYH 101VS (13) . It is notable that the chimeric origins of the miniplasmid derivatives with reduced replicative activities always contained substitutions of ssiA by the primosome assembly site from </>X174 or of ssiB by the G4-type ssi signal from pSY343. This is true without exception. It seems that these decrease in replication activities were caused not by the functional difference between ssiA and ssiB but by some structual changes in the chimeric origins, because substitutions of ssiA by the primosome assembly site from pACYC184 (13) or of ssiB by the G4-type ssi signal from G4 did not cause the decrease in the copy numbers of the miniplasmid derivatives. In OHTRSFIOIO. ssiA and ssiB sequences are involved in a large inverted repeat structure [nucleotides 2589-2739] and this region contains typical DNA bending motif extending over the 90 bp stretch between the ssi signals. RepCinduced DNA looping structures which include this large inverted repeat region have been observed in vitro (7) . Each substitution of the ssi signals should make some changes in these structures and these structual changes may affect the replication activities of the chimeric origins. However, we can not rule out the possibility that the paticular ssi substitutions described above might affect the expression of the closely flanking bla gene.
DISCUSSION
In E. coli, priming enzymes are introduced into origins of DNA replication through various mechanisms that depend on the specific nucleotide sequences. The ssi signals direct entry of the primase molecules depending on the specific nucleotide sequences in single strand DNA templates (5, 6, 7, 14) . Specific nucleotide sequences in double strand DNAs, such as the dnaA box in oriC (29) and the direct repeats of orik (30) , introduce DnaG primase efficiently in consequence of a series of protein-DNA and proteinprotein interactions. Furthermore, sequence non-specific mechanisms (such as the DnaT-dependent mechanism and so on (4, 10)) which function with single-stranded DNA have also been reported. However, these sequence non-specific priming mechanisms are not efficient enough to meet the requirements for normal replication in vivo (10, 12) . Plasmids or phages parasitic to E. coli should have their own efficient mechanisms to ensure introduction of the priming enzymes and establishment of the replication forks. In RSF1010, the oriV region contains no priming signals dependent on E. coli factors, and in vitro experiments have shown that E. coli replication proteins DnaA, B, C, G and T are not required for DNA replication of RSF1010 (20, 31) . Instead, the RSFlOlO-specific priming apparatus involves RepB' primase and its specific recognition sequences, ssi A and ssiB, in the template strands (7, 13) . The function of the two RSFlOlO-specific ssi signals may be substituted by the primosome assembly sites (13) . However, it is not clear whether these RSFlOlO-specific ssi signals should serve as the unique primer sites or the entry sites for the possible RSFlOlO-specific 'primosomes' involving RepB' primase and the DNA helicase such as RepA protein. Such replicon-specific 'primosomes' have actually been reported for bacteriophage T4 (32) and T7 (33) .
In the present study, we have shown that the two distinct G4-type priming signals from bacteriophage G4 and plasmid pSY343 can also substitute for the function of the two RSFlOlO-specific ssi signals. These G4-type ssi signals direct the priming of DNA depending on DnaG primase alone and have no abilities to direct the lagging strand synthesis (4, 24) . It is conceivable that, in cooperation with RepB' primase, ssi A and ssiB provide the primer molecules exclusively for the leading strand synthesis, and that DNA replication of RSF1010 does not require a primary system for lagging strand synthesis. Recently, with the electron microscopic analysis, Scherzinger et al. have observed the replicative intermediates in the in vitro cell-free replication system of RSF1010 (20) , suggesting that two displacement events may begin at or near the ssi sites. The two displacement strands seemed to start in a synchronous or an asynchronous manner and expand toward each other. Based on these results, it is conceivable that, although sequence non-specific priming mechanisms are functional in E. coli, the RSF1010 DNA replication does not involve primarily the discontinuous lagging strand synthesis and replication forks proceed mainly by the strand displacement mechanism producing D-loop intermediates.
The onVRSFioio involves various specific structures, such as large inverted repeat and DNA bending motif, which should have some roles in the initiation of DNA replication. Moreover, superhelicity of the plasmid DNA is essential for the in vitro RSF1010 DNA replication (20) . Wada et al. have shown that HU protein, the major histone-like protein off. coli which has the abilities to induce DNA looping or bending (34) , should be required for the intracellular maintenance of RSF1010 (35) . Specific high-ordered molecular structure of the oriV^^^Q may play significant roles in the initial stage of RSF1010 DNA replication.
